Cell-Cell Recognition:
Pollination, Fertilization, and Embryo Development Plant reproduction provides an excellent opportunity for analysis of signaling among gametes, haploid gametophytes, and diploid sporophytes. The female sporophyte cells are of particular interest, as they inhibit pollen not suited for fertilization ( Figure 1A ). In self-incompatible Brassica species, this discrimination requires at least two stigma gene products, SRK and SLG (Nasrallah et al., 1994) . SLG is a cell wall glycoprotein (Figure lB) , and fractionation experiments have now shown that SRK is an integral plasma membrane protein (Joshua Stein and June Nasrallah, Cornell University). SRK has an extracellular domain nearly identical to SLG and an intracellular serine/ threonine kinase domain. These studies suggest SLG and SRK might form a receptor kinase complex that recognizes a putative pollen-borne ligand. Analysis of pollendefective Arabidopsis mutants (Preuss et al., 1993 ) (Daphne Preuss, University of Chicago, Illinois) and biochemical characterization of Brassica pollen (Doughty et al., 1993) indicate that such a ligand might reside in the extracellular, hydrophobic pollen coating. How does SRK activate a signaling pathway that blocks pollination? Clues have come from a yeast two-hybrid screen for Brassica stigma proteins that interact with the SRK kinase domain (Daphne Goring, York University, Toronto) that identified a gene with significant similarity to p-catenins @A/V) and two genes from the thioredoxin H family (T/-/L7 and THL2). p-Catenins play a role in cell adhesion by mediating connections between cadherin and actin, and thioredoxins regulate a range of cellular processes. Because none of the clones interacted with a mutant form of SRK or with an unrelated Arabidopsis kinase, the observed interactions are highly significant.
Pollen passing the checkpoint at the stigma surface forms a pollen tube that invades the pistil, enters the ovule micropyle, and delivers sperm to the female gametophyte ( Figure 1C ). In Arabidopsis, only one pollen tube approaches each micropyle, and new insight into the signals that guide these pollen tubes has come from a male-sterile mutant (Daphne Preuss, University of Chicago). Pollen tubes from the sterile plants grow randomly around the ovules, cross the micropyle without entering, and, unlike wild type, do not adhere tightly to the ovule surface. These results suggest that guidance to the micropyle requires two interdependent processes-adhesion of pollen tubes to cell surfaces and a response to chemotropic signals emanating from the micropyle.
Pistil gene products, including those present in the ovule, also may be required for pollen tube guidance (Hulskamp et al., 1995; Cheung et al., 1995; Wu et al., 1995) . Enhancer trapping is proving to be a powerful method for identifying genes expressed in these female cells (Ueli Grossniklaus, Cold Spring Harbor Laboratory). Of more than 1000 Arabidopsis lines screened (Springer et al., 1995; Sundaresan et al., 1995) , approximately 13% express the fi-glucuronidase reporter in ovules. These strains display a range of patterns, including strains with expression in the synergids, the egg, the antipodals, or the central cell (Figure 1 C) . Sporophytic patterns also have been observed, and in one line expression is limited to a single funiculus cell. In some cases, the insertions result in a mutant phenotype, which can provide valuable insight into the function of the tagged gene.
After fertilization, zygote growth and development are coordinately regulated with that of the endosperm, the seed coat, and the ripening fruit. Some of these processes can be uncoupled genetically (Nir Ohad and Bob Fischer, University of California, Berkeley). Seeds from the conditionally male-sterilepop mutant (Preusset al., 1993) were mutagenized and screened for restoration of postfertilization development. Mutations in a fertilization-independent endosperm (NE) gene caused spontaneous endosperm (but not zygote) development in the absence of fertilization. This phenotype was observed only in female gametophytes that carry the fie allele. Fertilizing these gameto-B C Figure 1 . Fertilization (A) Pollen lands on the surface of the stigma, and, if favorable interactions occur, it extends a pollen tube that migrates through the style to the ovary. (6) In Brassica species, self-incompatible pollen is rejected at the stigma surface through the action of two molecules, SLG and SRK (Nasrallah et al., 1994) . (C) Pollen tubes approach the female gametophyte through the micropyle of the ovule. One sperm fuses with the egg and a second with the central cell (forming the endosperm), and other female gametophyte cells (synergids  and  antipodals) degenerate.
phytes results in early embryo abortion, suggesting that f/E function is essential for female fertility.
Establishing
Cell Identity: Signaling between Cells in the Meristem The shoot apical meristem gives rise to leaves and shoots and retains a pool of indeterminate cells. Evidence from maize and Arabidopsis points to a central role for homeodomain proteins and receptor kinase molecules in maintaining meristem cell identity. Gain-of-function mutations in the maize homeoboxgeneknorfedl (knl), causeectopic KNI expression near the veins in leaves, as well as aberrant growth of leaf tissue (David Jackson and Sarah Hake, University of California, Berkeley). Wild-type KNI is expressed at high levels in meristem cells, suggesting that it is required for maintenance of indeterminacy (Smith et al., 1992 The maize CRlNKLY4 gene encodes a different receptor kinase controlling proliferation of aleurone and leaf epidermal cells(Phil Becraft and Don McCarty, University of Florida, Gainesville). The putative extracellular domain contains a novel 37 amino acid domain, repeated seven times, and a 26 amino acid region with 14 identities to the second cysteine-rich repeat of the tumor necrosis factor receptor (TNFR). This motif in TNFR contains nearly all of the residues known to contact TNF, suggesting that the ligand for the maize protein may be a peptide.
Responding
to the Neighborhood I: Control of Light-Regulated Development Plants perceive light through photoreceptors and transduce these signals to effect developmental changes through altered gene expression (Figure 2 ). Responses to light are readily observed in young seedlings, and genetic screens based on these responses have identified regulatory mutations in the COP, DET, and HY genes.
The localization of the COP1 protein changes from nuclear (dark) to cytoplasmic (light), and cop7 mutants constitutively undergo the developmental program of light grown seedlings (Xing-Wang Deng, Yale University, New Haven, Connecticut). Proteins that bind to labeled COP1 protein (which contains a coiled-coil domain and a G3-homologous domain with WD-40 repeats) were identified by probing an expression library (Mimami Matsui, RIKEN, Saitama, Japan, and Xing-Wang Deng, Yale University). One (CIP7) is a transcriptional activator with low mRNA levels in the light, but high levels in the dark. In a complementary study, a suppressor screen identified potentially interacting proteins (Lay-Hong Ang and Xing-Wang Deng, Yale University). One suppressor encodes Hki-a gene required for restriction of dark development in light-grown seedlings (Ang and Deng, 1994)-and another (SOP 7) has a phytochrome phenotype yet complements all known phytochrome mutations.
Jianming Li (from the Joanne Chory lab, Salk Institute, La Jolla, California) reported the cloning of the Arabidopsis DE T2 gene, which by genetic analysis appears to play a role in phytochrome signal transduction. The DET2 gene encodes a protein with 42% identity to the human steroid 5a reductases. Li proposed that DET2 encodes an enzyme in the brassinosteroid biosynthetic pathway. det2 mutants are small, have delayed senescence, are late flowering, and show aberrant expression of light-regulated genes. The cloning of DET2 suggests that brassinosteroids may be involved in regulating these processes.
Mutations that result in cop or det phenotypes may not affect onlythe phototransduction pathway(Raphael Mayer from the Nam-Hai Chua lab, Rockefeller University). For example, plant defense response genes (PR genes) are constitutively expressed in detl, copl, and cops, and the alcohol dehydrogenase and albumin 2s storage protein genes are activated in vegetative tissues of cop7 and cop9, respectively. A premier example of a novel signaling component is the Arabidopsis HY4 gene, which is required for blue lightinduced inhibition of hypocotyl elongation. The HY4-encoded protein, CRYl, contains an N-terminal chromophore-binding domain with homology to DNA photolyases and a 200 amino acid C-terminal extension with homology to rat smooth muscle tropomyosin. In new studies, Margaret Ahmad (from the Aanthony Cashmore lab, University of Pennsylvania, Philadelphia) reported that CRY1 has no detectable DNA photolyase activity, but binds flavin (Lin et al., 1995) as classically predicted for blue light photoreceptors in plants. A second chromophore, pterin, also binds to CRYl, and mutants that fail to bind pterin show reduced blue light absorption in vitro paralleled by weakened blue light responses in vivo, providing strong evidence that CRY1 functions as a bonafide blue light receptor. Mutations in the C-terminal tropomyosin domain also affect blue light signaling, yet the mechanism of transduction by CRY1 remains unknown. Analysis of phytochrome deficient mutants shows that CRY1 has a functional requirement for low levels of the phytochrome receptors PHYA and PHYB (Figure 2 ), leading to an intriguing model in which CRY1 functions via coaction with phytochrome.
By analyzing phytochrome signaling in plants, initial insights are possible into a branched signaling pathway in plants with a Ca'+-dependent arm and a cGMP-dependent, CaZ+-independent arm (Bowler et al., 1994) . Simon Barnes (from the Nam-Hai Chua lab, Rockefeller University) reported on a putative further branchpoint in the cGMPdependent pathway, identified using the Fhyl mutant of Arabidopsis, in which only a subset of cGMP-induced genes are blocked.
to the Neighborhood II: The Initiation of Flowering To ensure successful reproduction, the initiation of flowering is controlled by a variety of internal and environmental cues. An Arabidopsis gene required for early transition to flowering (%A) has been cloned (Caroline Dean, John lnnes Centre, Norwich, United Kingdom). fca mutants flower late in long days, and even later in short days, but this phenotype can be reverted to wild type by an extended cold treatment (vernalization). Interestingly, the sequence of FCA predicts two RNP motifs, such as those seen in the Drosophila Sex-lethal protein (Cline, 1993) . Sex-lethal binds to mRNA, which leads to alternative splicing of its own and downstream transcripts. FCA is also alternatively spliced, and the prospects for similar control in Arabidopsis are appealing.
Although floral induction typically requires light, Arabidopsis can flower in complete darkness, as long as the apical meristem contacts a glucose-or sucrose-containing medium (Julio Salinas, Centro de Investigation y Technologia-lnstituto National de lnvestigacion y Technologia Agraria, Madrid). Under these conditions, wild-type plants do not express light-induced genes, and the late-flowering phenotype of several mutants is reversed. This raises the question of whether darkness or sucrose (or both) induces an alternative flowering pathway.
Floral induction often requires a switch from indeterminate to determinant growth, and several mutants defective in this developmental program have been identified (e.g., LFYandAP7; Weigel and Meyerowitz, 1993). Recent char-acterization of the maize indeterminate mutant has shown it flowers extremely late, if at all, and when flowers do form they often undergo reversion to a vegetative state with ectopic seedlings emerging from each floret. The INDE-TERMINATE protein is similar to zinc finger transcription factors, but appears to act non-cell-autonomously possibly by mediating the production of a diffusible substance (Joe Colasanti and Venkatesan Sundaresan, Cold Spring Harbor Laboratory). Indeterminate shoots that replace flowers also have been observed in Antirrhinum floricula (f/o) mutants (Des Bradley, John lnnes Centre; Coen et al., 1990 ). FL0 expression is restricted to floral meristems in wild type, but in centroradialis (ten) mutants, ectopic FL0 expression in shoot apical meristems leads to a terminal flower. Preliminary data suggest that FL0 acts both upstream and downstream of CEN.
Getting Established
I: Hormones in Signal Transduction Plant transduction systems do not follow particular paradigms of signaling cascades described in nonplant systems, but contain many unique components and unexpected connections among signaling components. Direct genetic, biophysical, and biochemical analyses of plant systems are providing new insights into these unique early signaling cascades. Cloning of the Arabidopsis RCN7 gene, which affects seedling responses to the auxin transport inhibitor naphphylphphalmic acid was reported by (Alison DeLong, Christina Garbers, and Dieter Soll, Yale University). RCN7 encodes a subunit of protein phosphatase 2A (PP2A-A), implicating PP2A in the regulation of polar auxin transport. Early gibberellic acid (GA) signal transduction is putatively disrupted by a number of mutants. Semidominant GA-insensitive mutants at the GA/ locus show a typical dwarfed phenotype. Pierre Carol (from the Nick Harberd lab, John lnnes Centre) presented the cloning of the GA/ that encodes a 2 kb cDNA with no homology to known proteins.
The dominant abscisic acid (ABA)-insensitive mutant abil affects many physiological ABA responses. The AR7 gene was cloned and encodes a putative serinelthreonine protein phosphatase (PP2C) with an N-terminal domain containing a consensus sequence for a single EF hand calcium-binding site (Leung et al., 1994; Meyer et al., 1994) . Jerome Giraudat (Centre National de la Recherche Scientifique, Gif-sur-Yvette, France) reported that in vitro enzymatic assays and partial functional complementation of a yeast PP2C mutant indicate that ABll functions as a Ca2+-independent protein phosphatase. As expected for PP2C, the enzymatic activity is Mg" dependent. The function of A7377 was further characterized by expressing the dominant mutant abil-7 allele. Transgenic tobacco plants carrying the abil-7 gene displayed characteristics reminiscent of the Arabidopsis abil-7 phenotype, including reduced seed dormancy and wilty leaves (Armstrong et al., 1995) . Wiltiness in abil results from the inability of stomata to close. Collaborative voltage clamp studies with Mike Blatt (Wye College, Wye, United Kingdom) of control nontransformed tobacco guard cells showed an ABA-induced average P-fold enhancement in K+ efflux channel currents and an 60% reduction in inward K' currents. These ABA responses were abolished in the abil-l-expressing tobacco.
Slow anion channels in stomata1 guard cells are activated by phosphorylation-dependent events and completely inactivated by dephosphorylation events, and it has been suggested that these channels may be regulated by ABA singnaling, but without clear evidence that ABA regulates slow anion channels (Schmidt et al., 1995) . Julian Schroeder (University of California, San Diego, La Jolla) presented a strong (>lO-fold) and reversible enhancement of slow anion channel activity by ABA, which could be the mechanism by which ABA controls stomata1 closing. Halle Saale, Federal Republic of Germany) showed that ion channel blockers inhibited these fluxes and also prevented the activation of all downstream defense responses, including the oxidative burst and defense gene transcription. Inhibition of the oxidative burst by diphenylene iodonium prevented defense gene activation but not elicitor-induced ion fluxes. These results were summarized in an initial sequential model in which activation of ion channels is followed by stimulation of the oxidative burst and by gene activation (Figure 3 ). Scheel also reported collaborative patchclamp experiments with Sabine Zimmermann and Jean Guern (Centre National de la Recherche Scientifique) showing that the earliest detected response to elicitor was the activation of nonselective Ca2+-permeable cation channels, reminiscent of the most rapid ABA response resolved in guard cells. These nonselective Ca"+-permeable channels are not directly activated by the elicitor but by unknown cellular second messengers.
Getting
Dale Sanders (University of York, United Kingdom) described rapid phytochrome-induced depolarization in Physcomitrella patens, which includes activation of a plasma membrane Ca*+ current. Wide distribution and colocalization of at least four different Ca'+ channels in plant vacuoles might generate a wide array of spatiotemporal Ca'+ changes (Allen et al., 1995) . A premier example of spatiotemporal Ca2+ changes was presented by Sharon Long and David Ehrhardt(Stanford University, Stanford, California). Lipochitooligosaccharide
Nod factors active on alfalfa cause Ca*+ oscillations in root hairs with a regular 1 min period. Ca"' oscillations commenced after a delay of 6-12 min of Nod factor application. Imaging of free Ca2+ in root hairs (using ratiometric dextran-linked dyes) shows that these Ca*' pulses emanate from the nuclear region and travel in propagating waves through the root hair. This differs from the Ca2+ gradients that control polarization of tip growing cells described by several groups. (Bonas, 1994; Collmer and Bauer, 1994 (Dangl, 1995; Staskawicz et al., 1995) . The Cf-9, Cf-4, and Cf-2 genes from tomato (Kim Hammond-Kosack from the Jonathan Jones lab, Sainsbury Laboratory, John lnnes Center; Jones et al., 1994) encode resistance to particular isolates of Cladosporium fulvum and consist of avariable number of putatively extracellular LRRs, a transmembrane domain, and ashort cytoplasmic tail (recall that the LRR receptor kinase disease resistance gene Xa27 from rice, mentioned above, is a structural combination of a Cf-like molecule with a cytoplasmic serinelthreonine kinase domain). The Cf proteins have differences in the number and nature of their constituent LRRs, and each triggers a different timeline of physiological responses (evolution of active oxygen, lipid peroxidation, salicylic acid accumulation, and cell death). Cf-9, at least, functions as a transgene in tobacco and potato, but the response of transgenic tobacco to the appropriate fungal trigger molecule includes cellular necrosis, spreading beyond the inoculation site. This suggests that additional genes in tomato provide control functions lacking in tobacco and points to potential pitfalls in transfer of R genes from one species to another (see also below).
Another structural class of R genes share nucleotidebinding sites and variable numbers of LRRs in more carboxy1 portions of their predicted proteins. One subclass of these contain putative leucine zippers near the N-termini (in RPSP and RPM7 from Arabidopsis, directed against P. syringae; Bent et al., 1994; Mindrinos et al., 1994; Grant et al., 1995) , while the other subclass has a domain with homology to the cytoplasmic signaling domain of To// and the interleukin-2 receptor (in N from tobacco, L6 from flax, and RPPS from Arabidopsis, directed against tobacco mosaic virus (TMV), flax rust, and Peronospora parasitica, respectively; Whitham et al., 1994; Lawrence et al., 1995 ; Jane Parker, Sainsbury Laboratory, John lnnes Center). Fumiaki Katagiri (from the Fred Ausubel lab, Massachusetts General Hospital, Boston) described detailed mutational analysis of RPS2 and demonstrated functional requirements for not only the conserved domains, but also a broader intolerance to mutation throughout the protein. This theme expands upon sequence analysis of eight RPM7 loss-of-function alleles, which are scattered throughout the protein and not clustered (Jeff Dangl, University of North Carolina, Chapel Hill, in collaboration with Roger Innes, Indiana University, Bloomington; Grant et al., 1995) and from directed mutagenesis of the N protein (presented by S. P. Dinesh-Kumar from the Barbara Baker lab, United States Department of Agriculture, Plant Gene Expression Center, Albany, California). For N, nearly all single amino acid exchanges killed activity. One point mutation in the highly conserved P loop, however, led to an N allele that responded to TMV at the site of inoculation, but that also triggered systemic necroses. It is not yet known whether virus is also spreading in plants expressing this allele, which would suggest that the systemic necrosis reflects constant triggering of a weak N allele throughout the plant, or whether this allele is hyperactive subsequent to TMV-dependent N triggering. Inappropriate expression of R gene function in heterologous plant species was also described by Kathy Swords (from the Brian Staskawicz lab, University of California, Berkeley) who showed trigger-independent spreading necrosis upon transient expression of RPSP in tomato, the serine/ threonine kinase encoded by the tomato Pto R gene in one of three tested Nicotiana species, or the Pto-related Fen gene in all three Nicotiana species.
The signals generated subsequent to R gene engagement are being analyzed in several ways. N also mediates TMV resistance in transgenic tomato, and this genetically tractable species provides a basis for isolation of mutants required for N function (Steve Whitham, Sheila McCormick, and Barbara Baker, United States Department of Agriculture, Plant Gene Expression Center). This approach was exemplifed by Jane Parker(Sainsbury Laboratory, John lnnes Center), who described mutants of a locus, ED% (required for function of multiple R genes in Arabidopsis directed against various P. parasitica isolates) that was originally identified as a modifier of RPPS function. Jeff Dangl (University of North Carolina) presented data demonstrating that the RPSP and RPM7 signal machinery interact, leading under certain conditions to interference with RPM7 function, even in the absence of the wild-type RPS2 product (Ritter and Dangl, 1996) . These results suggest that multiple R genes can act in overlapping signal pathways.
Plant defense reactions can include stimulus of Ca*+ and anion channels (Dierk Scheel, lnstitut ftir Pflanzenbiochemie; see above). In addition, Chris Lamb (Salk Institute) presented evidence implicating active oxygen species in signaling processes subsequent to pathogen recognition leading to cell death and transcriptional activation of cellular protectant genes (Figure 3 ; Levine et al., 1994) . Their new data indicate that the cell death activated during the hypersensitive response has certain features in common with mammalian apoptosis. Lamb also presented evidence that salicylic acid (SA) can potentiate the effects of an oxidative burst. The idea that SA acts as a rheostat to monitor events subsequent to pathogen recognition is in line with results from other labs as well.
This meeting aptly portrayed the state of the art in how plants perceive signals from a variety of external and internal stimuli. Genetic, physiological, and molecular approaches continue to probe how plants integrate these stimuli as they develop and reproduce. In addition to unveiling fascinating basic knowledge, the future ability to improve the manipulation of crop production rests on research of this kind.
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